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Outline of  the talk
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14B(p,2p)13Be reaction at relativistic energies

•  How these experiments are made
•  Quasi free scattering
•  13Be what is known experimentally
•  The experiment
•  Analysis & results
•  Future
	
Reactions with Relativistic Radioactive Beams
FAIR (Facility for antiproton and ion 
research) 
R3B 
n pH n 
p 
40Ar11+	@	490	MeV/u		
6·1010	ions/spill.	
      impact on  
Production Target: 
Be	4	mg/cm2	 
Products are 
separated in FRS 
FRS -separated 
isotopes directed 
to experiment 
 Isotope of interest 
impact on Reaction 
Target H,	C,	empty	
Reaction fragments 
and gammas are 
detected 
O. Tengblad: 14B(p,2p)13Be   Bormio 2016   3
The R3B Concept & tracking system 
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For full kinematic reconstruction & reaction channel ID we need 
	
	
	
	
for incoming and outgoing fragments, beam & gammas
•  Energy loss  à  Nuclear charge Z 
•  Time of Flight  à  Mass identification 
•  Trajectory   à  Momentum 
Incoming
Cocktail beam
Outgoing
fragments
event by event identification
S393 experiment
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Study of  light neutro-rich nuclei (Be-Ne), using kinematically 
complete measurements in inverse kinematics @ GSI

Study the precursor to the 
Borromean nuclei 14Be
16B 
Unbound 
14Be 
4.35ms 
15B 
9.93ms 
14B 
12.5ms 
13Be 
Unbound 
18B 
Unbound 
19B 
2.92 ms 
17B 
5.08ms 
13B 
17.3ms 
12Be 
21.5 ms 
G. Ribeiro Thesis July 2015, Madrid
Overview	given	by	T.	Nilsson	1st	talk	of	the	workshop	
quasi-free scattering: 14B(p,2p)13Be   
Quasi-Free Scattering: Knockout reaction
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Direct Reaction:

 (p,2p), (p,np)
  
Direct interaction between 
one target nucleon with one 
projectile nucleon
from initial to final states 
without intermediate 
compound state. 

If  both outgoing particles 
have the same masses, in the 
lab system:



θa+θb= 81o
θa+θb= 81o
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Quasifree scattering signature: (p,2p )reaction. 
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Both particles are emitted in the same 
plane, and as both have the same mass, 
with an opening angle of   90o in the 
laboratory frame. 
The typical reactions are (e,e’p), (p,2p) or (p,pn)
Aumann,	T.,	Bertulani,	C.,	and	Ryckebusch.	Phys.	Rev.	C,	88,	064610,	(2013),1–15.	
The coplanar condition translates to  180o, whereas the 
high energies in inverse kinematics produce an opening 
angle of    80o, due to the mass increase of  the incoming 
nucleon @ relativistic velocities ( β = 0.7). 
Special knockout 
reaction:
The projectile must be 
simple, usually a p+ or 
e-, which can be single 
or within a nucleus.

The key condition is 
that the rest of  the 
projectile is not 
involved in the
reaction process, 
acting as a spectator. 
Previous studies: 2007 GSI 14Be(p,pn)13Be 
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H.	Simon	et	al.	/	Nuclear	Physics	A	791	(2007)	267–302		
The 12Be + n system reveals resonances with 
complicated structures. 
Using the data obtained in other experiments, one 
may conclude that the s-wave interaction between 
the neutron and 12Be fragment is much weaker 
than that in the 9Li + n case. 
The Iπ = 1/2− assignment to the 13Be state at 
3.04(7) MeV was made from comparison with the 
neighbouring N = 9 isotones, and further 
confirmed by the measured 12Be − n angular 
correlations. 
12Be+n	
Previous studies: 2010 RIKEN 14Be(p,pn)13Be 
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Kondo	et.al.		Phys.	LeV.	B,	690,	(2010),	245–249		
The	relaWve	energy	spectra	obtained	
in	coincidence	with	the	2.1-MeV	(ﬁlled	
circles)	and	2.7-MeV	(open	triangles)	γ	
rays	are	shown	in	the	inset.		
Concludes that the 0.5-MeV 
peak is the ground state of  13Be. 
The p-wave nature of  the 0.5-MeV 
resonance was shown by the 
transverse momentum distribution 
and the resonance width. This state 
was assigned to J π = 1/2− . 
Previous studies: 2013 GSI 14Be(p,pn)13Be  analysis adding all known results
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AksyuWna,	et.al.	Phys.	Rev.	C,	87,	064316,	(2013)		
L.V. Chulkov, B. Jonson and M.V. Zhukov 
Eur. Phys. J. A (2015) 51: 97 
Momentum	proﬁle	of	the	12Be	+	n	system	a\er	one-neutron	
knockout	from	14Be	impinging	on	a	hydrogen	target	at	304	
MeV/u.		
The	solid	line	calculated	proﬁle	funcWon	obtained	from	the	ﬁt	
to	the.	12Be	+	n	relaWve-energy	spectrum.		
	
Lower	panel:	12Be+n	relaWve-energy	spectrum	from		
The	ﬁt	gave	χ2/N	=	0.91.		
The	curves	show	the	decomposiWon	
14	Be		⇒	 	(1)	13Be(1/2+	)	+	n	(l	=	0),			
	 	(2)	13Be(5/2+)	+	n(l	=	2)		
⇒	12Be(g.s.) 		a)	13Be(5/2+)	+	n	(l	=	2)	
⇒	12Be(2+)		3)	13Be(1/2−)	+	n	(l	=	1)		
⇒	12Be(g.s.) 		(b)	13Be(1/2+)+n(l=0)	
⇒12Be(1−) 	(4)13Be(5/2+	or3/2+)+	n(l	=	2)	⇒	12Be(g.s.).	
knock out from Borromean nuclei	
Previous studies C(14B,12Be+n) @ GANIL 
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Randisi,	et.al.	Phys.	Rev.	C,	89,	034320,	(2014)		
Reconstructed	12Be	+	n	decay	energy	for	the		
C(14B,12Be	+	n)	reacWon	compared	to	simulaWons	
incorporaWng	an	
	s	-wave	virtual	state		
d	-wave	resonance		
d	-wave	resonance		
nonresonant	conWnuum.
WBP – (0-3)ω shell- model calculations and
HTF estimated, for positive-parity states, within the 
simplified scheme of  Fortune Phys. Rev. C 87, 014305 
(2013), where the lowest 1/2+ state is assumed to lie 0.4 
MeV above 12 Be + n  threshold. 
. 
13Be
0.40
1.79
2.70
3.12
Summary Previous exp. studies 2014
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?
p,2p	14B	beam	p,pn	14Be	as	beam		
MSU:  13B(−1p + 1n) nucleon exchange reaction on 9Be @71 AMeV
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B.	R.	Marks,	et.al.	Phys	Rev	C	92,	054320	(2015)		
MSU conclusion
“present data show no evidence of  any 
low- energy decay from the second d5/2 to 
the first excited 2+ state in 12Be as was 
suggested by Aksyutina et al..
 Simulations including such a decay branch 
resulted in an upper limit of  less than 10%. 
This finding is consistent with results by 
Randisi et al. who extracted a branching 
ratio of  5(2)% ”. 
The R3B set-up @ GSI Cave C 
O. Tengblad: 14B(p,2p)13Be   Bormio 2016   14
Figure	from,	Altstadt,	S	Ph.D.	thesis,	Goethe	Universität	Frankfurt	(2014).	
What is New compared to previus experiments?
The Crystal ball
The reaction target is surrounded by a sphere of  
162 NaI scintillator crystal assembly 
inner radius of  25 cm 
crystal length of  20 cm
Eγ	resoluWon	6%	@1	MeV,		
angular	uncertainty		due	to	the	crystal	size	is	7.5o.		
gamma	eﬃciency	average	35%	
Experiment: Cave C @ GSI
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Primary	beam	 		 	40Ar11+	@	490	MeV/u			
Intensity		 	 	 	6·1010	ions/spill.	
ProducWon	target 		 	Be	4	mg/cm2		
ReacWon	target 	 	H,	C,	empty	
14B(p,2p)13Be		
Z	
A/Z	
The p,2p is relative
aasy to detect
Reaction channel Idenitification
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•  Energy	loss	in	the	TFW	&	
SST	a\er	the	target:	
IdenWfy	the	element	
a\er	the	reacWon.	
•  IdenWfy	the	isotope	from	
the	ALADIN	posiWon	
deviaWon	and	beta	of	the	
fragment.	
	14B							(2pγ)											12Be	+	n	
Be	+n	
Incoming	
Beam	14B	
Outgoing	Be	
Charge	idenWﬁcaWon	plot	 mass	spectrum	including	the	tracker	condiWon	
13Be relative energy spectrum  (12Be+n)
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Relative energy spectrum 13Be = 12Be + n considering three resonances  
Breit Wigner functions with 
l= 0 for the green line,  l= 2 for the blue line,  l=2 for the purple line. 
The global fit  χ2= 1.57  represented by the red line.
l= 0 green line,
l= 2 blue line 
l= 2 purple line 

Quasifree scattering conditions
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Angular distribution of  the 2p in coincidence with 12Be+n: 

(a)Polar Angle correlation;   (b) Azimuthal Angle correlation; 
   (c) Opening Angle, peaked at 82;    (d) Azimuthal angle diference, peaked at 180. 

The vertical dashed lines in (c) and (d) represent the limits for the QFS conditions.
a b
c d
Quasifree scattering conditions (less statistics)
O. Tengblad: 14B(p,2p)13Be   Bormio 2016   19
Relative energy spectrum 13Be = 12Be + n considering QFS conditions
the	global	ﬁt	to	four	Breit-Wigner	resonances	fit  χ2= 1.3  red line.
l=0 green line,
l=2 blue line 
l=2 purple line
l=2 black line

Crystal ball calibration
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Calibration peaks as seen in crystal 42
 
       60Co  energies @1173 and 1332 keV                    22Na  energies @511 and 1275 keV.
We	sWll	have	one	more	condiWon	to	place	using	the	gamma	informaWon	
13Be Doppler corrected Gamma spectrum detected by 
Crystal Ball in coincidence with 12Be+n 
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13Be Gamma spectrum detected by Crystal Ball in coincidence with 12Be+n.
fitted to  an exponential + Gaussian distribution in order to subtract the background.
Eγ=2.17		MeV.	
13Be Gamma spectrum after background subtraction
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The same gamma spectrum after background subtraction. 
A smoothing of  the main bins of  the peak has been made in 
order to fit to a Gaussian curve. 
The integral of  the peak give 83 counts.
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13Be Relative energy spectrum in coincidence with gammas 2.1 MeV 
after subtraction of  the uncorrelated events. 

The only bin that stands out is  corresponding to a resonant at 0.95 MeV. 

Relative Energy of  12Be + n 
coincident with γ of  2.1 MeV
Red	band	is		average	count	=	0.064	above	2.5	MeV	
with	its	width	+/-	4.4	being	the		StaWsWcal	error	
0.95 MeV
2.10		+	0.95(8)	=	3.05(8)	
Conclusion 14Be(p,2p)13Be
O. Tengblad: 14B(p,2p)13Be   Bormio 2016   24
+	
12Be + n
γ
0.95 3.05(8)   (1/2+)
2.16(6)   (5/2+)
0.33(4)   (1/2+)
2.70           1-
2.24            0+
0.0(4)          0+
2.10            2+
T1/2~	300	ns			
γ
n	
12Be 13Be
0.33
2.16
Conclusion on 13Be
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3.05(8)   (1/2+)
2.16(6)   (5/2+)
0.33(4)   (1/2+)
Randisi,	et.al.	Phys.	Rev.	C,	89,	034320,	(2014)	
																																									Fortune,	Phys.	Rev.	C	87,	014305	(2013)		
This work
Relative good consensus in the experimental data
Final interpretation on the level scheme need 
new experiment and better statistics

We are not sensitive to the spin our fits are the same (statistics)
But to fed the 2+ in 12Be via a neutron it should be ½+
While starting from 14Be the ½- is more pronounced.
0.40
1.79
2.70
3.12
Future:  R3B @ FAIR
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With the upgrade to FAIR we get:
Higher energy &  intensity 
 à we need
1)  New Magnet GLAD
2)  New detectors
RIB @  <1 AGeV
R3B: Si - tracker
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Outer	300	µm	
Inner	100	µm	
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Univ.	of	Liverpool	&	Daresbury			
M.	CharWer,	
R.	Lemon,	
Alan	Grant,	
120k	Si	strips		
C	ﬁbre	structure		
28
γ
γ
γ
p	
p	
p	
CEPA LaBr/LaCL
Barrel CsI(Tl)
IPHOS CsI(Tl)
Barrel
Iphos
Cepa
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Highly segmented
>2.800 crystals
Inner diamater: 50cm
Crystal length: 15-28cm
140o	 43o	
19o	
7o	
CALIFA
In summary: I have discussed the 
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•  Concept of  the experiments performed with Relativistc Radioactive Beams 
•  Introduced knock-out reaction and the specific quasi free scattering conditions
•  Discussed the previuose experimental knowledge of  the un-bound nucleus 13Be
•  As only experiment we have measured the gamma emission in coincidence 
with 13Be i.e. the 12Be+n system
•  This gamma coincidence moves the excitation level in 13Be from 0.94 MeV to 
3 MeV
•  Shown the future of  the experimental set-up @ FAIR
•  Stated the importance of  really measure all activity in the reaction.
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